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SOME ASPECTS OF LIGHT IN THE FOREST
INTRODUCTION
T is assumed by many foresters and ecologists that the complex structure
of forest vegetation forming the various layers from the upper canopy
to the lesser vegetation on the forest floor is controlled by light. The presence or absence of underbrush and herbaceous vegetation is almost invariably attributed to light. The presence of reproduction of certain tree species
where that of others is absent is explained by their ability to grow in the
shade. This is in turn attributed by some investigators to their ability to
carryon the various life processes under weak light intensities; by other investigators, to their ability to carryon the life processes under a light which
is partly or wholly reflected and transmitted and therefore of different
quality from that affecting the trees forming the upper canopy.
Recent research has tended to bring about a change in these basic assumptions. By controlling soil moisture under conifers through trenching, it
has been possible to bring about in the vegetation on the forest floor changes
of a character ordinarily associated with increased illumination. The
trenched areas, with their improved conditions relating to soil moisture and
nutrients, are invaded by various so-called intolerant as well as tolerant
species, even when the light conditions remain unchanged.
In this present investigation an attempt is made to determine experimentally to what extent light controls the vegetation on the forest floor and,
consequently, succession of the forest flora, and whether under natural canopies light can be looked upon as a limiting factor in plant survival.
Before taking up the experimental work there will be given (I) a short
summary of the essential facts regarding radiant energy and its effect on
plants, as known to physiologists; (2) a brief description of the newer
methods and instruments used by foresters in the measurement of light,
together with comments regarding each; and (3) a review of some of the
literature on the effect of light in the forest. These data, in conjunction with
the experimental evidence to be presented, will be used as a basis for an
analysis of the effect of light in the' forest.
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SOLAR ENERGY
OPACITY AND TRANSPARENCY

Objects which do not transmit light are opaque, their opacity depending
on their thickness. No substance is opaque when sufficiently thin; it· is more
or less translucent. On the other hand, no obj ect is absolutely transparent,
as all media absorb and reflect at least some part of the spectrum. Most
glass which is visibly transparent, for example, transmits but little of the
ultra-violet rays. Radiant energy passing through dry air is absorbed only
to a slight degree. Absorption by the atmosphere varies with the pressure
and quality of the gases in it. The least transmission of radiant energy
occurs on those days in which the pressure of aqueous vapor is greatest. The
losses of incoming solar energy are mainly due to the absorption and scattering effect of water vapor, dust, and permanent gases in the atmosphere.
(Pulling, 1919.)
SELECTIVE ABSORPTION

Due to the selective absorption of energy that occurs in the outer envelope
of the sun, the solar spectrum is crossed by several dark lines known as the
"Frauenhofer" lines, so named from their discoverer. The positions of these
lines have been measured accurately and are designated by letters. A and
H are at the limits of the visible spectrum, A at the red end and H at the
violet.
THE WAVE LENGTHS

The unit used in wave length measurements, as measured from crest to
crest, is the micron, or one millionth part of a meter, and is designated by
the symbol J-t. A millimicron, a thousandth of a J-t, is designated by the symbols IDp, or J-tp,.
SOLAR RADIATION RECEIVED BY THE EARTH

The solar radiation received on the earth's surface lies almost entirely
within the wave lengths .290 p, and 5.3 p.. (Abbot, 1911.) The spectral energy curve of the sun (Fig. I) shows that the maximum intensity is in the
red-yellow part of the spectrum. The intensity decreases toward zero in the
ultra-violet and infra-red.
VISIBLE RADIATION

The visible spectrum lies between 800 mp' and 390 mp.. The region above
800 IDp. is the infra-red, while that below 390 mp, is the ultra-violet.
II
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Limits of the range effecting photosTnth$sis
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Curves of equal areas showing one unit of heat delivered successively
in heat spectrum of (A) electric arc and (B) sun.
FLUCTUATIONS IN SOLAR RADIATION

Solar radiation reaching the earth is subject to certain periodic fluctuations related to sun spot members and other phenomena. Fluctuations of
more than 3 per cent have been observed from day to day. There are also
great changes in the solar and sky radiation reaching the earth in different
seasons of the year. Furthermore, the quality of the light is greatly altered
during the day. (Luckiesh, 1924.) Clouds not only affect the intensity of
radiation, but in addition change greatly the spectral distribution or the
quality of the light.
LIGHT AND PHOTOSYNTHESIS

Investigations on the influence of light on photosynthesis have been directed in three main channels; namely, (1) on the difference in the intensity
of illumination; (2) on the difference in the quality; and (3) on the duration of light on photosynthetic activity. By intensity of illumination is meant
the quantity of light received on a unit of surface; by light quality, the different wave lengths received; and by· duration, the period the plant is exposed to light and whether the light is continuous or intermittent.
FACTORS AFFECTING PHOTOSYNTHESIS

Spoehr (1926) enumerates the factors which are primarily concerned in
determining the rate of photosynthesis in any chlorophyllous tissue as follows:
1. The partial pressure of carbon dioxide in the air surrounding the
plant.
12

2.

3.
4.
5.
6.

SOLAR ENERGY
The intensity and quality of the light used.
Temperature, more particularly that of the chloroplast.
The amount and composition of the chlorophyll.
The amount of water available.
Certain other internal factors.

When the factors entering into the process of photosynthesis, such as carbon dioxide concentration and temperature, are relatively high and the
light intensity is low, the increase in photosynthesis is approximately proportional to the increase of light intensity. When the light, however, reaches a
certain intensity, the effect of the increase on the rate of photosynthesis becomes negligible and the rate of assimilation depends on other factors.
(Blackman and Smith, 191 I.)
LIGHT INTENSITY IN RELATION TO PHOTOSYNTHESIS

In a series of twenty-four experiments under varying light conditions
Brown and Escombe (1905) show that the proportion of energy used in
photosynthesis averages I per cent. About 99 per cent of the light is lost by
transmission and reradiation. Warburg and Negelein (1922), on the other
hand, found that plants used as much as 72 per cent. The differences in the
results obtained by these investigators may be due to several factors. The
most obvious reasons are the differences in the intensity of light and the
differences in the reaction of the different species of plants which the
workers used.
The rate of photosynthesis in Fontinalis, as determined by Harder
(192 I), in an atmosphere containing 4 per cent of carbon dioxide, increased from 0 to 2 units, when the illumination was increased from 0 to
2,000 meter candles. To double this rate the light had to be increased nine
times or to 18,000 meter candles~
Lubimenko's (1908) studies also show that photosynthesis increases
rapidly with increase of light from low intensity. Beyond an optimum intensity the increase of photosynthesis becomes progressively slower.
LIGHT QUALITY.IN RELATION TO PHOTOSYNTHESIS

The range of wave lengths (330-760 miL), within which Ursprung
(19 18) found starch formation, is large as compared to the ranges found
by other investigators. Using artificial light of a given intensity but with
different wave lengths, and measuring the light intensities with a thermopile, he found that in Phaseolus vulgaris starch formation was practically
nil at the extreme red end of the visible spectrum, but that it increased
13

SOLAR ENERGY
Dangeard (1917), after ten years' study with algre, suspects that the results obtained by Wursmer are a result of parasitic light or light having
some wave lengths other than that intended in the experiment. From his
own studies he concludes that the efficiency of radiation in photosynthesis
is in direct proportion to the absorption of light by the chlorophyll.
Concerning the role of the ultra-violet and infra-red rays in the photosynthetic process, U rsprung (1917) concluded from his experiments that it is
highly improbable that they are of direct significance under natural conditions. Photosynthesis is carried on normally by plants when grown under
glass which is nearly opaque to ultra-violet rays. Shanz (1919) and Lundegardh (1925) found that ultra-violet rays are detrimental to plant growth.
Schultze (1910) found that the chloroplasts are injured by the ultra-violet
rays. Green (1897), Chauchard and Mazoue (1911), and Agulhon (1911)
found that the ultra-violet rays have a destructive action on enzymes. Beeskow (1928) found that very weak intensities of ultra-violet rays increased
the calcium and phosphorus in plants, and that plants subjected to a low
intensity for one minute a day were injured.
Parasitic light and differences in light intensity are the most obvious reasons for the differences in the results obtained by the above writers.
DURATION OF ILLUMINATION

Garner and Allard (1923) demonstrated the importance of the seasonal
range and of the length of day as a factor in branching, root growth, formation of pigments, and the initiation and regulation of sexual reproduction
and the time of maturity in plants. They found (1924) that the daily duration of the illumination period not only influences the quantity of photosynthetic material formed, but also determines the use which the plant can
make of this material.
INTERMITTENT ILLUMINATION

Warburg (1919) compared the rate of photosynthesis in Chlorella for
equal times that the plants were under illumination, but for variable intervals. He found that in high light intensities the rate of photosynthesis in intermittent illumination is greater than in continuous illumination of the
same total intensity. He obtained intermittence of illumination by the use of
rotating sectors. The amount of photosynthesis during equal periods of illumination, but not equal experimental time, was compared. Ursprung (1917)
found that plants subj ected to light of an intensity weaker than that of full
sunlight and for intermittent periods produced more starch than the· same
15
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plants exposed to continuous full sunlight. He attributed this to what he
terms the "tiring" of the chloroplasts. .They regain their ability to function
after a period of rest.
CIIROMATIC ADAPTATION

Stahl (1906) points out that the chlorophyll apparatus becomes adapted
to the .conditions of illumination to which the plant .is exppsed. The leaf
functions not only in bright sunlight but also in diffused light, as under
canopies and clouds and early and late in the day. Under these conditions
the composition of light is not the same, due mainly to its reflection and dispersion. The intensities of the rays of different wave lengths which the plant
receives change continually throughout the day.
Harder (192 I) and Engelmann (1884) state that all the plants examined by them assimilated more rapidly in the wave length in which they
were grown than When they were removed to light of another wave length,
before becoming adapted to it. It appears, therefore, that the entire solar
spectrum is more efficient for plant growth than any portion thereof.
PHOTOTROPISM AND ELONGATION-INHIBITING EFFECT OF LIGHT

Aside from the effect of light in the photosynthetic process and quite distinct from it is its effect in inhibiting elongation. The blue end of the spectrum is active in checking the elongation in seedlings and young tissues in
certain plant species. Strasburger (192 I) explains the tendency of plants to
grow toward the light, or their phototropic response, as the result of dwarfing of the side of the plant nearer the light, while the side further from the
light continues to grow, necessarily bending the tip of the plant to the light.
When the elongating tissue of a plant is expo$ed to light of uniform intensity from all directions so that it is checked in growth on all sides, it does
not bend. The blue end of the spectrum, especially the ultra-violet, is most
active in inducing phototropic response and is, therefore, the most effective
in shaping the form of trees. The red and yellow rays have practically no
effect. (Blaauw, 1908; Lundegardh, 1925; ;P alladin, 191 I ; Dane, 1927.)
LIGHT AND ELONGATION IN PLANTS

Mason (1925) states that normal growth in palms, as manifested in the
pushing up of the leaves from the growth center, is made chiefly during the
time between sunset and sunrise. He found, however, a reduced rate of
growth when direct sunlight was cut off by the clouds. In full sunlight the
elongation in the date palm leaf entirely ceased.
16
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photometer should not be sensitive to infra-red or ultra-violet radiation.
The results of the measurements should be expressed in absolute rather
than in relative values. For work carried on in the field it is also essential,
of course, that photometers of the simplest and most transportable type
be used, because of the obvious difficulty in moving delicate and heavy instruments from place to place. Several types of photometers are .in use
among foresters for light studies in the forest.
Pulling (1919) and Klugh (1925,1927) recently described many photometers and pointed out their advantages and disadvantages. For this reason, only those that have recently been used in light studies need be described and commented on here. After a careful consideration of these
various types of photometers, the Macbeth illuminometer was selected as
being the best for the purposes of the present studies.
CLASSIFICATION OF PHOTOMETERS

Gast (1927) has classified all photometers into selective and non-selective
types. Selective photometers are those which respond to, or are reacted on
by, a portion of radiation only. The non-selective are those which record the
total radiant energy, irrespective of the quality or portion of the spectrum
to which the energy belongs. They rely upon the pressure and heating effect
of radiation.
SELECTIVE PHOTOMETERS

The Macbeth illuminometer, made by Leeds and Northrup, is an instrument which measures light intensity by comparing the brightness of a light
of known intensity with the light under investigation.
Since brightness is a reaction of the eye to but a part of radiation, and
since the equality of illumination in the Macbeth illuminometer is determined with the eye, this photometer falls in the selective class. A disadvantage of selective photDmeters is that if measurements of a part of the spectrum are desired other than those registered, they cannot be attained.
Fortunately, however, the range of the spectrum desired is approximately
the range that reacts on the retina of the eye, which makes possible the use
of the Macbeth illuminometer in silvical investigations.
The advantages of this ·instrument in silvical studies are that: (I) it
registers the light from all directions; (2) it is sensitive to approximately
the same range of the spectrum that affects photosynthesis; and '(3) the degrees of brightness of illumination are measured in foot candles. Its outstanding disadvantage lies in the fact that while the range of radiation
18
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affecting photosynthesis is almost the same as the range affecting the retina
of the eye, the quality of the light within that range which mainly affects
photosynthesis is not the same as that to which the eye is most sensitive.· The
illuminometer can be standardized to different eyes so that the differences
of readings by different workers is negligible.
THE PHOTOGRAPHIC PAPER PHOTOMETER

Some chemical reactions are more rapid in light than in darkness. In
general, the rate of such reactions is increased with increased light intensity,
although usually it is not in direct proportion. This principle is taken advantage of in the photographic paper photometer.
Klugh (1925) has devised such a photometer in which panchromatic
photographic plates are used. These plates have an even sensitivity curve
from 420mp. to 680 mp., and their total sensitivity range is from 350 mp' to
720 mil', covering approximately the total range affecting photosynthesis.
The main disadvantages that arise in measuring light with this photometer
are that: (1) the values of the measurements of radiation obtained are expressed in their relations to standards specially devised and do not permit
correlation. with the work of other investigators and (2) the photometer is
very complicated and its operation requires close attention to detail in
handling the plates before and after exposure. Klugh enumerates other
sources of error, some of which cannot be avoided entirely.
NON-SELECTIVE PHOTOMETERS-THERMOPILES

A thermopile is a non-selective apparatus in which a blackened junction
is exposed to radiation while another junction is kept at a constant temperature. The variation in the intensity of radiant energy is expressed by the
difference in temperature between the white and black surfaces. This difference is measured by the thermoelectric energy developed in a thermopile
of several couples. The couples forming the thermopile are wires of different
metals fused to form j unctions in which heat is transformed into electromotive force, directly proportional to its amount. The electric current flow
is registered by a galvanometer or is read directly on a self-recording instrument.
Most thermopiles have a flat surface and are heated, therefore, only by a
portion of solar and sky radiation. The portion affecting the thermopile
depends on the angle of incidence of the rays falling on it. Gorczynski
(1924) designed a thermopile to follow mechanically the daily movement
19
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of the sun, thus recording the total solar energy but only a small portion of
the sky energy. In clear days sunlight is the greatest part of total light (Fig.
2) ; in cloudy days the reverse is true, because all light is then diffused. On
cloudy days, therefore, a flat surface thermopile registers only a small portion of the total light at its full value.
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Fig. .2. Variation of (A) skylight, (B) sunlight, and (C) total
daylight on a horizontal surface throughout a typical
clear day in midsummer.

Gast (1927) has constructed a thermopile with spherical junctions. This
device integrates the radiant energy from all directions at the same normal
or fractional angle of incidence; therefore, it registers both solar and sky
radiation at full value.
A thermopile, when calibrated, measures radiant energy in units of gram
calories per unit of area per unit of time (usually per square centimeter per
second). Radiant heat, whether with or without light, affects the thermopile
and the effect on the couples is in direct ratio to the amount of this effect.
The thermopile is one of the most promising instruments for light measurements. It can measure light falling on it from all directions, and can be
calibrated to give absolute values for the measurements. The main disadvantage of the thermopile in silvical studies is the fact that it is equally sensitive to all of the radiant energy, while measurements of only the part
affecting photosynthesis are required. In attempting to obtain the values of
the portion of the spectrum, derived from thermopile measurements, two
methods have been employed which may be termed, respectively, the light
Screen and the converting factor methods.
20
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Light screens. By interposing suitable solid or liquid screens between the
source of light and the thermopile, any portion of the spectrum may be isolated. The screens absorb and reflect the remaining radiation. Colored glass
is extensively used for this purpose. Glass, as a rule, absorbs a large portion
of the ultra-violet rays and transmits the infra-red radiation. To absorb the
infra-red, water cells are used. Coblentz (1911-1915) suggests a 1 em.
water cell containing copper SUlphate solution (53 grams per liter of water).
This solution, however, affects somewhat the visible part of the spectrum. If
ultra-violet measurements are desired, quartz rather than glass must be'
used in the cell.
The difficulty that arises in fitting thermopiles with spherical filters makes
their present use problematical. While it is easier to fit a flat surface thermopile with water cells or other filters, the portion of the sky to which the
thermopile is exposed is necessarily greatly reduced.
Converting factors. Popp (1926) and G. R. Burns (1927), in their use
of non-selective instruments without filters, used converting factors which
were assumed to bear a more or less constant ratio between the total solar
and sky radiation and illumination. Popp, using the factor given by Kimbal (1924), multiplied the energy, as registered by the thermopile in units
of gram calories per square centimeter per minute, by 6,700 to express
the values of that energy in foot candles. He states that by using this converting factor it is possible to determine the actual illumination intensity
for any given time, provided the total radiant energy is known. G. R. Burns
quotes Coblentz, who states that solar radiant energy at sea level is approximately as follows: ultra-violet, 2 per cent; visible, 52 per cent; and infrared, 46 per cent on a clear day. It appears from experiments to be described
later that no factor can be used satisfactorily to compute any desired range
of the spectrum from the total solar and sky radiation or any portion
thereof.
SOME CONCEPTS OF LIGHT AND THE EJTFECT OF
LIGHT ON FOREST VEGETATION
INCE the beginning of scientific forestry the significance of the effect of
light in the reproduction and development of the forest has been recognized. Terms such as "heliophobous," "suppression," "shading out," "tolerance" were coined to express the effect and results of light (or lack of it) in
the forest, as foresters saw it.

S
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Zon and Graves (191 1) present the main concepts on the effect of light
in the forest as accepted by foresters early in the t\ventieth century. Since
then G. P. Burns in a series of bulletins (1914-1923) has added to and
revised some of these concepts. It seems, therefore, unnecessary to repeat
them in detail, but a brief review of some of the more important ones is
presented.
Foresters recognized the value of the .work of the plant physiologists on
the effect of various intensities of light and the relative absorption and efficiency of the different qualities of radiant energy on plants. Accordingly,
they directed their studies in two main channels: (1) on the effect of different intensities of illumination in the forest and · (2) on the effect of different qualities of light in the forest.
THE INTENSITY OF LIGHT AND ITS EFFECT ON FOREST VEGETATION

Heyer (1852) was one of the first to publish the theory of light requirement by forest plants. The ease of distinguishing with the eye the great
differences of light intensities in the forest as compared with those in the
open has caused overemphasis of light effects, often to the neglect of other
more important factors. As the early theories of light requirement were developed, light measurements were taken in the forest and the results appeared to justify the accepted theories.
Wiesner (1895) was among the first investigators to study the relative
light illtensity on the forest floor as compared with the open country. In one
of his studies (1907) he employed his photometric method to determine the
minimum light requirement of certain trees as indicated by the light intensity within the crown, measured at the darkest place in which leaves still
functioned.
Several other investigators followed Wiesner's method. In this country .
most of them have used the Clements (1905) photometer. By this method
measurements were taken in the forest at a point where a given species
could persist under the canopy, and compared with full light measurements
taken in the open. As a result of these measurements Clements (19 16 ) concluded that the most fundamental test of light requirement is perhaps the
actual sequence in plant succession under natural conditions.
Some of the conclusions derived from the early investigations are questioned by many foresters at the present time, due, first, to the inadequacy
of the photometers used; and second, to the inadequacy of the methods by
which the minimum light requirement is deduced. In this latter connection
22
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there are three main objections to these methods for determining the light
requirement of plants. They are as follows:
I. The amount of light to which the plant is exposed is not an index to
the amount it uses.
2. There are many factors other than light which affect the survival of
plants in a given habitat and which must be considered.
3. Light is not the only factor causing the death of the lower limbs of
trees in stands where measurements of the minimum light requirements
were taken.
EXPOSURE TO LIGHT AND THE USE OF LIGHT BY THE PLANTS

Zon and Graves (19 I I) state that a tree makes use of the total light to
which it is exposed. It may be shown, however, that leaves reflect a great
deal of the light that reaches them and up to a certain point apparently
function better under weakened light. There is much physiological evidence
in support of this statement, of which only a little is here cited.
Timiriazeff (1889) shows that for Pota?J'togeton lucens, maximum photosynthesis takes place when direct solar radiation is reduced by one half.
Pantanelli (1903) concluded from an experiment that the optimum light
requirements for some plants may be as low as one fourth of the total solar
radiation.
Lubimenko (I907a) shows that plants grown under moderate light intensity produce greater quantities of dry matter. Th~ same investigator
(I907b) found that the production of chlorophyll increased with the increase of light intensity to a given point and that beyond this point the
amount of chlorophyll decreased.
Blackman and Matthaii (1905) estimated that in order to prevent photosynthetic waste in sunshine a six-fold increase in the carbon dioxide content of the air would be necessary. Brown and Escombe (1905) state that
the light intensity on a sunny day is in excess of that which the green leaf
is capable of utilizing. G. P. Burns' (I923b) experiments show that a decrease of approximately 52 per cent in the available radiant energy causes
no decrease in the amount of carbon dioxide absorbed by white pine.
The concept stated by Zon and Graves (19 I I ), that the relation between
the height and the diameter of trees or that of the development and growth
of trees depends upon the· amount of light, may hold under certain conditions in lower light intensities, but after the plant utilizes its optimum
light, which at times is much less than the maximum available, there is apparently no correlation between increased growth and increased light intensity.
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LIGHT VERSUS OTHER FACTORS OF THE HABITAT

The presence or absence of certain species and their relative vigor under
canopies and the extent to which they can withstand suppression is not entirely a question of light requirement. Other factors of the habitat that
affect plant growth must be .taken into account in explaining the condition
of the vegetation on the forest floor. Several investigators have recognized
the importance of these factors and have pointed out their ,effect on growth,
reproduction, and succession in the forest. Heyer (1852), one of the earliest to stress the effect of light in the forest, states that reproduction in the
forest does not fail even on poor soils when moisture is adequate. Hartig
(189 I) states that the growth of trees increases without an increase in leaf.
area or light intensity, if the nourishment of the trees is increased.
Mayr (1925) states that many writers go too far in ascribing the poor
development of trees in dense stands to weak light intensity. They neglect
to take into account the decrease in available soil moisture, diminished
aeration of the soil, unfavorable temperature, and deficient nutrients. He
states that root competition is keener than crown competition.
Fricke (1904) and Toumey (1926) demonstrated that when trees under
canopies are relieved from root competition with other trees they respond
immediately by faster growth.
Lundegardh (1925) states that the minimum lig};1t requirement is somewhat constant for a given species in a given region. The apparent changes
in light requirement with changes in altitude and latitude are due to temperature. He further states that within a given area there is a change in the
minimum light requirement with a change in the fertility of the soil, and
that all species growing in rich soil build more chlorophyll and assimilate
more carbon dioxide than when growing on poorer soils. All of these investigators recognize factors other than light as affecting the growth and development of trees in the forest. G. P. Burns (1923b) summarized this
recognition as follows: "To be a cause of forest succession some variation
in one or more factors of the site \vhich produce a given forest must take
place, and it must be of sufficient magnitude to pass either below or above
the requirement of that forest."
LIGIIT AND THE DEATH OF THE LOWER LIMBS OF TREES

Zon and Graves (1911) state that the dying of the branches along the
lower portion of the trunk and crown in dense stands is due to the light
being insufficient for the assimilative process of the leaves. Lundegardh
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(19 2 5), on the other hand, states that the death of the leaves of the interior
of the crown and on the lower branches of the stands is not so much due to
the light intensity required for assimilation as to the moisture and nutrients
in the soil.
Stalfelt (192 I) states that during drought seasons the assimilation by
leaves is greatly reduced, due partly to the closure of the stomata. He also,
points out (1924) that pine needles persist ·longer on the north side of the
tree than on the south side, which would not be expected from the viewpoint
of assimilation. The young needles and apical leaves, which have a greater
ability for assimilation, are favored in the competition for water and nutrients. The innermost leaves of the crown also exhibit a weakened exchange of
carbon dioxide and oxygen, due to the closure of their stomata. This is
brought out further by Blaauw (1908), who shows that the conditions for
these leaves are unfavorable when competing for existence with the other
leaves of the tree.
Brillant (1924) claims that the reduction of water in the leaves to a
given minimum, varying with the age of the leaves, determines toa great
extent the activity of assimilation. McLean (1920) shows that middle-aged
leaves absorb carbon dioxide faster than either immature or old leaves.
Middle-aged, fully expanded leaves show comparatively rapid assimilation.
It appears from the above that the death of leaves in the interior of
crowns and on the lower branches is a result of a complex of factors rather
than the simple result of lack of light. This indicates that light measurements taken in the forest at points where leaves and branches are dying do
not necessarily measure the light requirement for assimilation.
RECENT STUDIES IN MINIMUM LIGHT REQUIREMENTS

Recent studies in the minimum light requirements of plants tend to show
that the effect of light in the forest has been overemphasized.
G. P. Burns (I923a), after improving the Lubimenko (1905) method of
determining the minimum light requirements of plants, studied a number
of normally . growing forest trees. Various species were grown in a controlled atmosphere where all the factors of the environment were at or near
their optimum for growth. By controlling the intensity of light the minimum
intensity was investigated. He based his minimum light intensity on the
minimum visible radiant energy, generated by electric light and measured
with a thermopile, required to balance the carbon dioxide used in photosyn25
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thesis with the amount liberated in respiration. This condition is expressed
respiration
as follows: - - - - - - == 1.
photosynthesis
In these experiments a loss of carbon dioxide from the controlled atmosphere at the end of the experiment indicates an increase in the organic
material in the plant, due to the photosynthetic activity, while gain in carbon dioxide indicates a consumption of stored materials as the source of
energy and a consequent decrease in the dry weight of the plant.
Bates (1925 and 1928) studied the minimum light requirements of cer.;.
tain coniferous species by placing them at different distances from an electric light source. All factors other than light were at optimum condition for
growth. As light intensity decreases with distance from its source, a critical
point for growth was established where, due to weakened light, photosynthesis ceased and the plant eventually died. His standard is, therefore, the
amount of radiant energy generated by the electric light and measured by
a thermocouple which is placed at the critical point. This method possesses
certain advantages over the method used by G. P. Burns (1923a),due
chiefly to the possibility of measuring effects over longer periods of time.
After determining the minimum light requirements of a number of species in the laboratory, Bates (1925), G. P. Burns (1923), and G. R. Burns
( 1927) proceeded to measure radiant energy under stands of different
densities and to compare the values obtained in the forest with the minimum
light requirement of different species as obtained in the .laboratory.
Bates (1925) made total energy measurements under a dense canopy
and concluded from his experiments that light is seldom a limiting factor
in the survival of tree seedlings under such canopies. The radiant energy
values in the forest were higher than the minimum requirement as found
in the laboratory experiment. G. R. Burns (1927) found that light might
be a limiting factor in stands of Scotch pine planted two feet apart when
twelve years old. Bates' measurements show that the percentage of light
required for the survival of the tree species investigated by him is less than
that claimed by Burns for the species enumerated in his studies. Of the
eight species used by Bates (1925) in his experiment only one required
over 2 per cent of full sunlight. In another experiment Bates and Roeser
(19 28 ) found that out of twelve species used only one had a minimum requirement of more than 3 per cent of full sunlight.
There appear to be two main objections to Burns' and Bates' methods for
determining the minimum light requirement of trees. First, natural light is
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not constant from day to day nor from hour to hour during the day. Second,
only a small. range of the energy emitted by an electric lamp such as used
by the investigators is effective in photosynthesis (Fig. 1). According to
Luckiesh (1927), a Mazda lamp with filament operating at 2,800° K. emits
approximately 12.3 per cent of the rays between 400 and 800 mp.. Of the
remainder, about 87.5 per cent is emitted in the infra-red and 0.2 per cent,
between 200 and 400 mit. On the. other hand, the energy affecting photosynthesis from solar and sky radiation ranges approximately from 45 to 75
per cent. Burns used converting factors in the attempt to overcome this difficulty.
Bates (1925) argues that since photosynthesis is somewhat dependent on
temperature, the infra-red radiation assists in the process of photosynthesis.
One should not, however, confuse the effect of heat and that of light on
photosynthesis.
The studies of Bates and Burns show that the light requirements of
plants for survival and growth are but a small portion of the total solar and
sky radiation. Furthermore, the small values of light intensity which were
obtained by them may be considered too large, due to the difference in the
proportion of infra-red radiation in the radiant energy of artificial light
and sunlight.
THE QUALITY OF LIGHT AND ITS EFFECT ON FOREST VEGETATION

Zederbauer (1907) and Knuchel (1914) were among the first to investigate the differences in the quality of the light under canopies as compared
with conditions in the open. They show that the quality of the light under
canopies 'is changed by selective transmission through the leaves and by reflection. They conclude that trees growing beneath canopies absorb and
utilize light in the forest more effectively than trees in the open.
Linsbauer (1901) shows that leaves of the upper canopy transmit only
0.003 to 0.0008 of the total light that reaches them. Knuchel (1914), working with different leaves, states that 0.006 to 0.0003 of daylight is transmitted through leaves growing in the open. Griffon (1900) states that the
amount of light that passes through the leaves is so small that it plays an
unimportant role in the nutrition of the trees in the lower strata of the forest.
Wiesner (1895), Pearson (1911), and Lundegardh (1925) state that
under ordinary conditions the light in the forest enters aln10st wholly
through openings in the crown, and that it is essentially of the same composition as that in the open. Lundegardh (1925) shows that there is as close
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Fig. 3. The Gast (1927) spherical junctions thennopile, the Coblentz fiat surface
thermopile ,vith a 10 em. ,vater cell, and the lVlacbeth illulninometer.

Fig. 4. Left, a self-recording apparatus used by Gast (1927). Right, a micro ammeter, a galvanometer, resistance boxes, and dry cell used by Burns (1927). Both instru..,.
ments are connected with thermopiles placed at desired points in the field.

Fig. 5. The boxes for the ,control of light at the V'ale Forest, Keene, N. H.

Fig. 6. The boxes for the control of light in the greenhouse, New I-Iaven, Conn.

Fig. 7. White pine seedlings. Left to right, taken from Box
2,3 (dead), 4, and 5, Series L

I,

Series C, and Boxes

Fig. 8. I-Iemlock seedlings. Left to right, taken from Box
Boxes 2, 3 (dead), 4, and 5, Series 1.

I,

Series B, and

Fig. 9. Red pine seedlings. Left to right, taken from Box
Boxes 2, 3, 4, and 5, Series 1.

I,

Series B, and

Fig.

10.

English ivy. Left to right, taken from Box
3, 4, and 5, Series 1.

I,

Series B, and Boxes

2,

~ Series C}

Fig.

I I.

White pine seedlings. Left to right, taken fronl Box
and Boxes 2 and 4, Series 1.

Fig.

12.

English ivy. Left to right, taken from Box!, Series B, and Boxes
2, 3, 4, and 5, Series II.

I

SUMMARY AND CONCLUSION
This investigation embodies the following:
A brief account of solar radiation and its physiological effect on
plants.
2. The methods and instruments used for measurements of that portion
of solar energy effecting photosynthesis.
3. A review of some of the accepted concepts on light, and the effect of
light on the forest vegetation.
4. The experimental work undertaken and the results obtained in these
experiments.
1.

The following are the more important results brought out in this study:
Under the conditions of these experiments, the species investigated,
namely, white pine, red pine, hemlock, red oak, and chestnut oak,
survived for ten months under a light intensity that was not over 300
foot candles at any time during that period.
2. Only a moderate increase over the minimum intensity requirement
was necessary to maintain growth. After this increase the effect of
added light intensity on growth was not proportional to the added
light.
3. Approximately 170 foot candles were reqUired to balance the CO 2
emitted in respiration and used in photosynthesis in white pine seed..
lings. An additional 170 foot candles appeared ample to maintain
growth.
4. The intensity of light under canopies of white pine in the Yale Forest
was found in all cases to be in excess of the minimum light requirement of the seedlings under test. The study of conditions in trenched
quadrats supports this conclusion.
5. The tree seedlings investigated lived and grew under various ranges
of the visible spectrum, provided they were supplied with adequate
light intensity.
1.

The general conclusion reached is that the intensity and quality of the
light reaching the forest floor are not the determining factors in accounting
f01' the presence or absence of reproduction in the fully stocked forest where
the investigation was made.
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